Localized heating of droplets on an electrowetting-ondielectric (EWOD) chip has been implemented and shown to accelerate trypsin digestion reaction rates, sample drying, and matrix crystallization for matrix-assisted laser desorption ionization mass spectrometry (MALDI-MS). Achieving this involved extending the functionality of previous EWOD droplet-based techniques by developing a multifunctional electrode with closed-loop temperature control, while minimizing overall system complexity and addressing challenges associated with rapid evaporation. For the EWOD chip design, we discuss the performance of multifunctional surface electrodes for actuation, localized Joule heating, and thermistic temperature sensing. Furthermore, a hydrophilic pattern is formed in the multifunctional electrode to control the location of an evaporating droplet on the electrode. To demonstrate the capabilities and limitations of this technique, we performed three experiments and measured the results using MALDI-MS: (i) insulin disulfide reductions in dithiothreitol (DTT) over a range of heater temperatures (22-70°C) to show how reaction rates can be affected by thermal control, (ii) insulin disulfide reductions at 130°C in dimethyl sulfoxide (DMSO) to demonstrate a reaction in a high boiling point solvent, and (iii) tryptic digestions of cytochrome c at 22 and 40°C to show that heated droplets can yield reasonably higher peptide sequence coverage than unheated droplets. Although they do not decouple the effects of changing temperatures and concentrations, these experiments verified that thermal cycling by EWOD electrodes accelerates reaction rates in liquid droplets in air.
Matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) is an important technique in proteomics research for peptide and protein detection. Sample preparation, however, can be quite tedious because of the multistep chemical processing that is required to prepare arrays of dried samples (spots) on the sample holder or target. To streamline this process, Wheeler et al. 1 and Moon et al. 2 first developed the application of automated electrowetting-on-dielectric (EWOD) droplet microfluidics to proteomics sample preparation with direct MALDI-MS characterization. Similar platforms have been used for multistep MALDI-MS sample processing, [3] [4] [5] protein extraction by precipitation, 6 and enzyme kinetics studies. 7 With the droplet-based microfluidic platforms used in these studies, characterization follows directly after preparation because the chip is unplugged from the EWOD setup after crystal growth and placed into the MS chamber on a normal sample holder. This microfluidic approach thus removes the usual MALDI preparation steps in which liquid samples are transferred by pipet to target sites prior to matrix/sample crystallization. Microfluidic systems with continuous flows have also been used to prepare samples for mass spectrometry, including MALDI. [8] [9] [10] [11] Channel-based chips can achieve very effective coupling with other MS techniques as well, such as electrospray ionization MS (ESI-MS), by combining on-chip separation columns and electrospray tips, 12 e.g., Agilent's HPLCChip/MS. 13 However, the digital platform seems more convenient for this MALDI-MS based application not only because of the We have combined Joule heating and thermistor elements in this work because they are simple to integrate into our electrically controlled system. Specifically, to achieve Joule heating, current is passed through the EWOD actuation electrode, and to achieve thermistor sensing, the voltage drop across the EWOD actuation electrode is measured simultaneously. The method requires only electronic (software) control over current flow and no added onchip devices (hardware modifications). Thermal cycling on an EWOD chip has been demonstrated in various ways, e.g., hot air convection of the entire chip, 27 commerical heaters and thermocouples placed against the underside of the chip, 28, 29 and an on-chip incubation chamber with a thin film heater. 30 Wei et al. 15 reported a "versatile microelectrode", which refers to an EWOD electrode that doubles as a resistive heater similar to the design used in this work, and demonstrated droplet heating in silicone oil. Building on preliminary studies, 15, 31 we have extended this concept by (i) adding thermistic temperature sensing to the heater and feedback control and (ii) addressing challenges of working in air. (Please refer to the Supporting Information (section S-1) for an illustration of the actuation and heating principles.) For the preparations in this application, where liquids should be evaporated prior to the MS measurement, it is particularly advantageous to manipulate aqueous droplets on a dry surface in air, so that samples are allowed to dry without the problem of removing a second liquid phase, such as oil. 32 The effectiveness of the developed system is evaluated by performing heated protein disulfide reductions and trypsin digestions followed by MALDI-MS. Our purpose is to use relatively simple chemistries to demonstrate the built-in heating function of the EWOD chip. In the future we will explore the ability to handle more complex samples. Results obtained by others using very similar platforms lead us to believe that accommodating such samples is possible.
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EXPERIMENTAL METHODS
Chemicals. All reagents used in this study were purchased from Sigma-Aldrich Corp. (St. Louis, MO). All protein solutions for EWOD experiments were made within minutes of testing from stock solutions, stored at -80°C. The stock solutions (in a 1:1 volume ratio of acetonitrile and water or DMSO and water) used for insulin disulfide reduction experiments were diluted using the same solvent to obtain 0.5 µM insulin and 25 mM dithiothreitol (DTT). For tryptic digestions, stock solutions (in 25 mM ammonium bicarbonate in a volume ratio 1:1 acetonitrile-water) were diluted using the same solvent to obtain a 1:50 mass ratio of 10 µM cytochrome c to trypsin. Pluronics F-68 (PL68, 0.05% wt.) was added to minimize protein adsorption to the chip surface and thereby prevent contact line pinning.
33 MALDI matrix solutions (3 mg/mL 2,5-dihydroxybenzoic acid (DHB)) were made fresh within minutes of testing with the same solvents used for proteins and reducing agents (excluding PL68), with the addition of 0.1% trifluoroacetic acid (TFA).
EWOD Microfluidic Platform Fabrication. The incorporation of a local temperature control function into the typical EWOD device is achieved by substituting some of the EWOD pad electrodes with the multifunctional electrodes using essentially the same process flow as the previous EWOD devices. 2 A freshly fabricated chip was used for each experiment to eliminate uncertainties that might arise from surface degradation after repeated use and cleaning. Because we expect the eventual use of disposable chips in practical settings, we have not evaluated the performance of cleaned devices versus fresh devices. Please refer to the Supporting Information (section S-2) for a detailed process flow. Importantly, to heat only at desired spots and measure temperature accurately, heater leads were designed to be much more conductive than the heater; specifically, the indium-tin-oxide (ITO) heaters are about 100 times less conductive than their gold leads and chip bus contacts, and we can therefore neglect delocalized power loss.
EWOD Microfluidic System. A computer running LabView controls the off-chip driving electronics of our system. Please refer to the Supporting Information (Figure S-3 
which is connected to the driving electronics through the chip bus like a plug in a socket. After chemical processing, the chip is unplugged, the top plate is removed, and the bottom sample plate is attached using double-sided tape (3M) to the MALDI plate and is loaded directly into the MALDI-MS source for analysis. MALDI time-of-flight (TOF) spectrometry was performed on an Applied Biosystems Voyager-DE STR instrument and operated in linear mode with an external calibration.
Droplet Heating. A custom LabView proportional, integral, and derivative (PID) controller connected via RS-232 to a Keithley SourceMeter was used to achieve programmed set point temperatures with a sampling rate of 10 Hz. See the Supporting Information ( Figure S-4) for a plot of representative heater time histories for a 1 µL water droplet over a 3 mm × 3 mm heater. For this scenario, we observed approximately 2 s rise time, less than 10% overshoot, and 8 s to stabilize to ±1°C. The PID gain parameters were tuned manually in order to achieve acceptable performance for the current device, which has a sluggish thermal response by microheater standards because most of the heat is lost to the glass substrates. To significantly lower the rise time, it will be necessary to lower the thermal capacitance of the heating element. This can be done via microchining by thinning the substrate beneath the heater so that it rests on a membrane over an air cavity that blocks power loss to the substrate. However, we opted to accept the heat loss so as to avoid complications in fabricating the EWOD chip. Additionally, three-dimensional numerical simulations were performed to generate a temperature map of the chip during heating of a single water droplet at constant temperature for 1 min. The results, presented in Supporting Information (section S-5), indicate that the chip substrate is predicted to be at room temperature six heater lengths away from a heated droplet. These results represent baseline performance of a chip not optimized for thermal management.
Device Layout and Operation. A two-dimensional array of EWOD electrodes that incorporates the multifunctional electrodes is a new device platform for reconfigurable submicroliter droplet transport, splitting, mixing, and heating. Figure 1 shows the chip layout of a fabricated device and video frames taken during a sample preparation process. (Note: the image contrast was slightly increased using Microsoft PowerPoint 2008.) In the schematic layout (upper right), three multifunctional electrodes are the boxes labeled "M"; all other boxes are blank EWOD driving pads. The first three frames (left column) show the upper half of the layout. The heater electrode patterns are not visible at this scale. The first frame shows two droplets (dotted lines) surrounded by air, created from reservoirs A and B, on merging pathways (arrows). The second frame shows the combined droplet and its mixing pathway. The third frame shows sample loading onto a multifunctional electrode. The last two frames (right column below the layout) show the lower half of the layout. Frame 4 was taken after sample heating; the loaded sample has become smaller after significant evaporation. The final frame shows a new droplet created from reservoir C merging with the heated sample, restoring its initial volume. We call this the quench step because the third droplet can be used to quickly reduce the temperature and/or change the pH of the warmed droplet, thus controlling the reaction time for heated samples. The exact process depicted in Figure 1 was used to perform a series of protein sample preparations that is discussed later.
Hydrophilic Patterns for Centering Evaporating Droplets. The ability to manipulate droplets with gas as the surrounding medium is, in many cases, an advantage of EWOD droplet microfluidic systems over those that require a second liquid phase, which can introduce problems due to diffusion across the liquid-liquid interface. Also, a second liquid phase complicates Figure 1 . A sample preparation process is illustrated in which (1) 500 nL droplets are created from reservoirs A and B and merged, (2) the combined sample is mixed, (3) the mixed sample is loaded onto a heating site, (4) after heating the sample volume is decreased, and (5) a quenching droplet is created from reservoir C and combined with the heated sample.
the process of rendering dry samples. When volume loss due to evaporation is a problem, it can by either slowed or prevented by using a liquid surrounding medium, humidification, solvent replacement, 34 or through proper packaging. 35 Alternatively, when volume loss is desired, it is possible to use evaporation, a highly temperature-dependent process, for drying. In our preliminary experiments, a complicating factor of this technique was observed: with droplets on hydrophobic-coated heaters, nonuniform evaporation rates along the liquid meniscus resulted in migration of the center of mass (CM) of a heated droplet toward its coldest region. This migration occurs because the liquid nearest to the center of the heater (the hottest point) evaporates fastest, and the liquid furthest from the center of the heater evaporates slowest. Because all points on the meniscus will rarely be equidistant from the center of the heater, the droplet CM location is not stable. This problem can be complicated for samples in which solutes adsorb to the surface, as is commoon with protein solutions, because the contact line may pin to the fouled surface. We removed the uncertainty of sample location during evaporation by incorporating hydrophilic rings that hold shrinking droplets over the center of the heater.
In the following section, we discuss the use of our system for on-chip preparation of peptide samples for direct characterization by MALDI-MS, an application in which hydrophilic rings perform two vital functions: (i) pinning of evaporating samples over the center of the heater and (ii) providing proper surface conditions for growth of evenly distributed matrix crystals. On the former point, in our experiments, regardless of temperature gradients or fouling, the final resting place of a heated droplet was always over the hydrophilic ring. On the latter point, we observed that crystals from the DHB MALDI sample matrix tend to grow from many nucleation sites that form at the solid-liquid-air contact line (or dirt particles in the fluid) on the ring pattern after the matrix solution has almost completely evaporated. Without the rings, crystals tend to grow from one or a few nucleation sites on the heater. The schematic in Figure 2a shows a multifunctional electrode site, which corresponds to "M" in Figure 1 , showing the hydrophilic square ring in the middle. The three optical pictures of Figure 2a magnify the crystal region before a sample is placed (left) after DHB crystals are grown inside the ring (middle) and after DHB crystals are grown by the same process on an unpatterned heater (right). We observed that crystals on rings were more slender and evenly distributed, while those on unpatterned heaters were more likely to become thick and form clumps. For MALDI-MS characterization, it is desirable to grow evenly distributed crystals because the laser spot can be positioned almost anywhere in the ring to yield good spectra. If the crystals are thick and clumped, only a few selected positions yield analyte signal. Figure 2b depicts a cross section of a hydrophilic ring just after top plate removal, t 0 , just before crystal growth, t 1 , and after complete evaporation of the solvent, t 2 . Crystals grow long and thin from many nucleation sites because a liquid film forms as the contact line sticks to the hydrophilic surface.
To illustrate the centering function of the rings, Figure 2c shows meniscus profiles of a 1 µL protein solution at 30 s intervals as it evaporated on a heater at 70°C with an etched ring. The sequence of profiles was rendered from images by a software edge detection process (ImageJ). After 180 s, the droplet meniscus matches the hydrophilic ring outline. This exact centering makes the subsequent crystal growth and MALDI-MS measurement much more effective than with noncentering heaters.
RESULTS AND DISCUSSION
Insulin Disulfide Reductions. Insulin is composed of two polypeptides, the A-and B-chains, held together by multiple disulfide bonds that can be cleaved by a reducing agent. DTT has been used to reduce disulfide bonds in neutral-pH solution, with an increased rate at elevated temperatures.
36 On-chip reductions at several temperatures were performed using the process shown in Figure 1 . Reservoirs A, B, and C contained insulin, DTT, and DHB solutions, respectively. Samples created in step 1 were 500 nL, and quenching droplets were 700 nL. Mixed 1 µL samples were loaded onto heaters and evaporated at temperature-dependent rates. While on a heater at 70°C for 180 s, for instance, the acetonitrile sample volume reduced by about 95%, from 1 µL to 60 nL. For the DMSO sample, a similar evaporation rate was observed at a heater temperature of 130°C. Heating times were limited such that droplets did not completely evaporate before quenching. After matrix solution was added to the heated sample, the top plate was removed from the device prior to crystallization. Reaction time, from merging to quenching, was 5 min.
A MALDI-MS spectrum of unreduced insulin only shows a peak for the intact protein at m/z ≈ 5720. A completely reduced insulin sample has peaks only for the A-chain at m/z ≈ 2460 and B-chain at m/z ≈ 3420. Partially complete disulfide reductions give MALDI spectra showing all three peaks. By examining the spectra from a series of insulin disulfide reductions at various heater temperatures, as shown in Figure 3a , we can clearly see that the reaction rate increases with heater temperature. That is, the spectra show that the intensity of the A-and B-chain signals increases with temperature while the intact insulin signal decreases, indicating that the rate of reduction was faster at higher heater temperatures. Each mass spectrum represents the average of 100 to 200 laser shots, taken from three different target spots. Figure 3b shows a heater time history and corresponding MALDI-MS spectrum for a high-temperature disulfide reduction in DMSO, which has a boiling point of 189°C. The heater maintained a 130°C set point for 10 s during reduction and 90°C for 250 s during hot crystallization. The spectrum indicates the sample was almost completely reduced.
Tryptic Digestion of Cytochrome c. Trypsin proteolytic digestion selectively cleaves peptide bonds at the carboxy-terminus of the amino acids lysine and arginine. This process is used commonly in proteomics strategies to identify unknown proteins by comparing mass spectra of cleaved proteins with previously collected or simulated peptide mass fingerprint spectra. Cytochrome c is a well-characterized 12 kDa protein used often for proteomics methods development. We performed on-chip tryptic cytochrome c digestions by the process described in Figure 1 , with heaters at room temperature and 40°C for 5 min. For both cases, the total reaction time, from merging until addition of matrix, was 10 min. The reservoirs A, B, and C contained cytochrome c, trypsin, and DHB solutions, respectively. Figure 4 presents MALDI spectra from on-chip trypsin digested samples on heaters at 22°C (upper spectrum) and 40°C (lower spectrum). Each represents the average of 300-400 laser shots. The peaks that represent trypsin digestion products were identified by comparison to their theoretical m/z values and labeled by residue numbers. From three digestions at each heater temperature, we calculate average peptide sequence coverages of 15 ± 11% for room temperature and 74 ± 8% for 40°C. As expected, the enzyme trypsin is more active near body temperature. 37 While these data provide a clear comparison of heated vs unheated droplet reactions, they do not represent optimized conditions. For example, a significantly higher room temperature coverage (∼40%) of cytochrome c on a similar EWOD platform has been reported. 5 Other, albeit more complicated, channel-based microfluidic systems can routinely yield 60-100% peptide coverage, [38] [39] [40] Figure 2. (a) From left to right, a schematic of a multifunctioning electrode, optical picture magnifying a hydrophilic square ring, MALDI-MS matrix crystals grown on a ring, and crystals grown on a heater with no ring. (b) A cross section at times corresponding to after top plate removal, t 0 , just before crystal growth, t 1 , and after complete evaporation of the solvent, t 2 . (c) Meniscus profiles taken at 30 s intervals for a 1 µL aqueous droplet (initial concentrations 0.25 µM insulin, 12 mM DTT in 1:1 volume ratio acetonitrile to water) on a 70°C heater with hydrophilic ring for centering. After 180 s, the profile approximately matches the outline of the hydrophilic ring. The thick black line is a gold lead.
and demonstration of complete coverage, for any given protein, on the reported EWOD platform would require considerable tuning of reagent concentrations and reaction conditions. However, we have shown by our experiments that achieving high sequence coverage from trypsin digestions performed at elevated temperatures in 5 min is reasonable, and multifunctional EWOD electrodes offer a simple and effective method for tuning reaction temperature.
CONCLUSIONS
We have shown that localized droplet heating on an EWOD digital microfluidic chip can be used to accelerate reaction rates and drying times in automated proteomics sample processing. Multifunctional electrodes under feedback control have been incorporated into the existing EWOD chip design without complicating the fabrication process. A hydrophilic pattern in the multifunctional electrode effectively addresses the problem of droplet migration during rapid evaporation, enabling control of MALDI-MS target spot location.
